We compared the thermal stabilities of wild-type recombinant avian myeloblastosis virus (AMV) and Moloney murine leukemia virus (M-MLV) reverse transcriptase (RT) with those of mutants of the recombinant enzymes lacking RNase H activity. They differed in resistance to thermal inactivation at elevated temperatures in the presence of an RNA/ DNA template-primer. RNase H-minus RTs retained the ability to ef®ciently synthesize cDNA at much higher temperatures. We show that the structure of the template-primer has a critical bearing on protection of RT from thermal inactivation. RT RNase H activity rapidly alters the structure of the templateprimer to forms less tightly bound by RT and thus less able to protect the enzyme at elevated temperatures. We also found that when comparing wild-type or mutant AMV RT with the respective M-MLV RT, the avian enzymes retained more DNA synthetic activity at elevated temperatures than murine RTs. Enzyme, template-primer interaction again played the most signi®cant role in producing these differences. AMV RT binds much tighter to templateprimer and has a much greater tendency to remain bound during cDNA synthesis than M-MLV RT and therefore is better protected from heat inactivation.
INTRODUCTION
Reverse transcriptase (RT) is both an RNA-and DNAdirected DNA polymerase that is used extensively in recombinant DNA technology to synthesize cDNA from mRNA. Retroviral RT is encoded by the pol gene and is expressed as part of a polyprotein precursor that is processed into mature RT by viral-coded protease. The portion of the precursor from which RT is derived includes three structural domains arranged in the following order: NH 2 -Polymerase-RNase H-Integrase-COOH (1) . However, the mature structural form of RT found in the prototypic retroviruses, Moloney murine leukemia virus (M-MLV), human immunode®ciency virus (HIV) and avian sarcoma and leukosis virus (ASLV) varies both with respect to the number of structural domains and subunits present. The RT from M-MLV is a monomeric polypeptide of~80 kDa that contains the polymerase and RNase H domains (2, 3) . M-MLV RT has been cloned and over expressed in Escherichia coli (4, 5) and its RNase H-minus forms (6) have been used extensively as tools to synthesize cDNA (7, 8) . HIV RT is a heterodimer with a larger 66-kDa subunit having both the polymerase and RNase H domains, and a smaller 51-kDa subunit that is identical except it lacks the RNase H domain (9±11). The polymerase activity of the HIV RT heterodimer resides only in the larger subunit (12, 13) . Recombinant HIV RT has been studied extensively (14) , but has not been used as a tool to copy mRNA because of its relatively high error rate (15) . ASLV RT [includes avian myeloblastosis virus (AMV) and Rous sarcoma virus (RSV) RT] is also heterodimeric consisting of a larger 95-kDa subunit (b) and a smaller 63-kDa subunit (a) (16) . ASLV RT b contains all three domains, N-terminal polymerase, RNase H and C-terminal integrase, while a contains only the polymerase and RNase H domains, the integrase domain having been deleted by proteolysis (17±19). In distinction to HIV RT, the subunits of the ASLV RT heterodimer are folded in such a way that its DNA polymerase and RNase H activities reside only on the smaller a subunit (20, 21) . In spite of this, the integrase domain of the larger b subunit retains enzymatic activity (19) . Native, virionderived AMV RT has also been used widely to copy mRNA (22) , but until recently (23) recombinant forms of the enzyme were not available, because avian RT expressed in E.coli tends to be insoluble (24) .
In addition to polymerase activity, RT possesses RNase H activity that degrades the RNA in an RNA/DNA hybrid. The presence of this degradative activity that is essential to the enzyme's function in vivo is detrimental to the synthesis of cDNA from mRNA in vitro (25) . The RNase H domain of RT can be mutated to reduce or eliminate RNase H activity while maintaining mRNA-directed DNA polymerase activity (6, 26) . Removal of RT RNase H activity improves the ef®ciency of cDNA synthesis from mRNA catalyzed by RT (6) . A second signi®cant drawback to copying mRNA with retroviral RT is its tendency to pause during cDNA synthesis resulting in the generation of truncated products (27, 28) . This pausing is due in part to the secondary structure of RNA (27, 29) . Performing cDNA synthesis at reaction temperatures that begin to melt the secondary structure of mRNA (>55°C) helps to alleviate this problem (30) . Several laboratories have demonstrated that AMV RT can be used to copy mRNA at higher temperatures *To whom correspondence should be addressed. Tel: +1 240 379 4728; Fax: +1 240 379 4333; Email: gary.gerard@invitrogen.com than M-MLV RT (31, 32) . In addition, mutations in the RNase H active site of M-MLV RT that eliminate catalytic activity appear to enhance thermal stability of RT polymerase by an unknown mechanism (33) . We have compared the biochemical properties of the DNA polymerase of RNase H-plus (H+) and RNase H-minus (H±) forms of recombinant M-MLV and AMV RT in order to understand the causes of these differences in apparent thermal stability. We have found that RT interaction with the template-primer rather than intrinsic protein structural stability plays the most critical role in creating these differences. The practical implications of these differences are examined also.
MATERIALS AND METHODS

Buffers
Binding buffer was composed of 50 mM Tris±HCl pH 8.4, 75 mM KCl, 1 mM DTT and 7.5 mM MgCl 2 . cDNA synthesis reaction buffer was identical except the DTT concentration was 10 mM. DNA denaturing buffer contained 96% (v/v) formamide, 20 mM EDTA, pH 8.0, 3 mg/ml bromphenol blue and 3 mg/ml xylene cyanol.
Materials
Native, virion-derived AMV RT was purchased from Life Sciences, Inc. SuperScript II RT (H± M-MLV RT), recombinant H+ M-MLV RT and recombinant H± and H+ RSV RT were from Invitrogen.
RNA and DNA
Synthetic RNAs (cRNAs), 1.4, 2.4, 4.4, 7.5 and 9.5 kb in length, containing a poly(A) tail at the 3¢ end were obtained from Invitrogen. (rA) 20 and (dT) 20 were from Invitrogen and (rA) 630 was purchased from Miles. p(dT) 12±18 , p(dT) 25±30 , (dT) 263 and (dA) 246 were purchased from Amersham Pharmacia. Chloramphenicol acetyl transferase (CAT) cRNA (~900 nt), RSV cRNA (~1450 nt; derived from the pol gene of RSV, nt 3620±5009; 34) and MAP-4 cRNA (5.2 kb) were synthesized by T7 RNA polymerase run-off transcription from linearized plasmid DNAs (35) . The sequence at the 3¢ end of these cRNAs if run-off transcription was complete is 5¢-(N) n -(A) 40 -UUAAAGUAUAUUACCA-3¢. The cRNAs were selected on oligo(dT)-cellulose to ensure the presence of a poly(A) tail. The 5¢ end of CAT cRNA was dephosphorylated with alkaline phosphatase. A DNA 24mer complementary to CAT cRNA that annealed between nucleotides 679 and 692 with its 5¢ end 146 nt distant from the ®rst base at the 5¢ end of the CAT cRNA poly(A) tail was from Invitrogen.
CAT cDNA was synthesized from CAT cRNA in a reaction mixture (100 ml) containing cDNA synthesis reaction buffer, 500 mM each of dCTP, dATP, dTTP and [ 3 H]dGTP (36 c.p.m./ pmol), 145 pmol poly(A)-tailed CAT cRNA, 145 pmol (dT) 20 and 3750 U SuperScript II. After incubation at 37°C for 15 min and 50°C for 15 min, EDTA was added to 50 mM and the reaction product was extracted with phenol/chloroform/ isoamyl alcohol and ethanol precipitated. After removal of RNA by treatment with 0.3 N KOH (37°C for 16 h) and ethanol precipitation, 43 pmol of full-length single-stranded CAT cDNA was recovered. An RNA 24mer complementary to CAT cDNA that annealed between nt 679 and 692 with its 3¢ end 146 nt distant from the ®rst base at the 3¢ end of the CAT cDNA oligo(dT) tail was purchased from Dharmacon Research.
Cloning and expression of AMV RT
AMV viral RNA was prepared (36) from puri®ed AMV obtained from Life Sciences. The AMV pol gene cDNA was prepared from the viral RNA using the SuperScript cDNA Synthesis and Plasmid Cloning System (Invitrogen) following the manufacturer's instructions. The cDNA was cloned into plasmid pSPORT1 (Invitrogen) between the SalI and NotI sites. Using a combination of restriction site cloning and polymerase chain reaction ampli®cation, the gene encoding the a subunit of AMV RT was cloned into pFastBac Dual (Invitrogen) from the AMV pol gene in pSPORT1. The gene was cloned downstream of the p10 promoter while introducing a start codon adjacent and 5¢ to nt 2796 and a stop codon adjacent and 3¢ to nt 4511 (37) . The gene encoding the b subunit of AMV RT was cloned into the vector containing the a gene. The b gene was cloned downstream of the polyhedrin promoter while introducing a start codon adjacent and 5¢ to nt 2796 and a coding sequence for a His 6 tag followed by a 3¢ stop codon downstream of nt 5369 (37) .
Site-directed mutagenesis (38) was used to change the aspartic acid residue to alanine at amino acid position 450 of AMV RT (37) in both the a and b subunits. This resulted in AMV ab RT, designated H± RT, that lacked detectable RNase H activity.
Recombinant baculovirus was formed by transforming pFastBac Dual DNA with AMV RT genes into a DH10Bac E.coli host (Invitrogen) bearing a low copy plasmid (bacmid) with the baculovirus genome. This resulted in transposition of the RT genes and expression control sequences into the bacmid. For expression of AMV RT, Sf 21 cells were infected with virus at a multiplicity of infection of 2. After 72 h at 27°C, cells were harvested by centrifugation for 5 min at 2500 g, and cell pellets were stored at ±80°C.
Puri®cation and characterization of AMV RTs
Recombinant AMV RTs were puri®ed from frozen infected insect cells by sequential chromatography on columns of nickle-charged chelating Sepharose (Amersham Pharmacia), AF-heparin-650 M (TosoHaas) and Mono S (Amersham Pharmacia). The enzyme was stored in 0.2 M potassium phosphate pH 7.1, 0.05% (v/v) Triton X-100, 50% (v/v) glycerol, 0.01 mM EDTA and 1 mM DTT at ±80°C. As judged by SDS±PAGE, the AMV RTs were >95% homogeneous and contained equimolar amounts of a and b. They contained no detectable contaminating RNase, DNA endonuclease or DNA exonuclease. The RNA-directed DNA polymerase speci®c activities assayed with (rA) 630 dp(dT) 12±18 (39) of H+ and H± recombinant AMV RT were the same (57 500 U/mg) and were similar to that of native AMV RT (46 250 U/mg).
DNA polymerase assays
RT DNA polymerase unit activity was assayed with (rA) 630 dp(dT) 12±18 (39) . One unit of DNA polymerase activity is the amount of RT that incorporates 1 nmol of deoxynucleoside triphosphate into acid-insoluble product at 37°C in 10 min.
cDNA synthesis from cRNA catalyzed by H± AMV RT was carried out in reaction mixtures (20 ml) containing cDNA synthesis reaction buffer, 1 mM each of dATP, dTTP, dGTP and [a-32 P]dCTP (250 c.p.m./pmol), 35 U RNase inhibitor, 60 nM in ends (1±3 mg) cRNA, 500 nM in ends (0.1 mg) p(dT) 25±30 and 80 nM (15 U) RT. Incubation was at 45±58°C for 30±60 min. When H+ AMV RT was used, 4 mM sodium pyrophosphate (22, 40) was added and the MgCl 2 concentration was adjusted to 12 mM. An aliquot of the reaction mixture was precipitated with TCA to determine total yield of cDNA synthesized, and the remaining cDNA product was size fractionated on an alkaline 1.2% agarose gel (41) . Reaction mixtures for H± M-MLV RT were identical except MgCl 2 was 3 mM, dNTPs were each 0.5 mM and RT was at 50±400 nM (25±200 U). Reaction mixtures for H+ M-MLV RT also contained 50 mg/ml actinomycin D.
To establish monovalent and divalent metal ion reaction optima, initial reaction rates were determined under conditions of limiting RT concentration during a 10 min incubation at 45°C. Reaction mixtures (20 ml) contained 3 mg (11 pmol) CAT cRNA, 0.5 mg p(dT) 25±30 To establish RT cDNA synthetic catalytic activity at elevated temperatures (>45°C), reactions were carried out in 0.5-ml tubes in a thermocycler. To ensure reactions were initiated at the desired temperature, RT was added to preheated reaction tubes that were not removed from the thermocycler wells during mixing.
Measurement of K D by ®lter binding
A nitrocellulose ®lter-binding assay (42, 43) was used to determine the nucleic acid binding constants (K D ) of RTs for various nucleic acids. Polynucleotides were labeled at the 5¢ end with [g-32 P]ATP and T4 polynucleotide kinase. Oligonucleotides were annealed to complementary polynucleotides in a buffer containing 10 mM Tris±HCl pH 7.5, and 80 mM KCl at 65°C for 5 min followed by room temperature for 15 min. The molar ratios were (dA) 246 d(dT) 20 1:2, CAT cRNAd(dT) 20 1:20, CAT cRNAdDNA 24mer 1:10 and CAT cDNAdRNA 24mer 1:10. Reaction mixtures (100 ml) containing binding buffer, 0.003 or 0.03 nM labeled polynucleotide, and 0.01 to 10 nM avian RT were incubated at 23°C for 5 min. After incubation, the mixture was ®ltered through a nitrocellulose ®lter (Millipore, HA 0.45 mm) soaked in binding buffer, which was then washed with binding buffer. For M-MLV RTs, reaction mixtures contained binding buffer with the MgCl 2 concentration reduced to 3 mM, 0.03 nM labeled polynucleotide and 2±200 nM RT. The K D is equal to that enzyme concentration at which 50% of the labeled polynucleotide is bound. For this method of analysis to be valid, the polynucleotide concentration in the reaction must be substantially below K D , so that the total enzyme concentration approximates the concentration of free unbound enzyme.
Half-life determination
Mixtures (20 ml) incubated in 0.5-ml tubes in a thermocycler at 50°C contained cDNA synthesis reaction buffer and 40±80 nM RT. With murine RTs, 0.1% (v/v) Triton X-100 was also present. In some cases 200 nM CAT cRNA or 1600 nM (rA) 20 and 5400 nM p(dT) 12±18 were added. Incubation was stopped by placing tubes in ice. An aliquot (5 ml) was assayed for residual activity with (rA) 630 dp(dT) 12±18 .
Reaction temperature optimum determination
RTs (1.5 U in 50-ml reaction mixture) were incubated under unit assay reaction conditions with (rA) 630 d(dT) 30 (39) as template-primer for 5 min at temperatures ranging from 37 to 68°C. The amount of acid-insoluble DNA product synthesized at each temperature was determined.
Measurement of template breakdown catalyzed by RT RNase H
To assess the impact of RT RNase H early in a reaction on the structure of poly(A)-tailed mRNA annealed to p(dT) 12±18 , CAT cRNA was labeled at the 3¢ end with [a-32 P]ddATP (Amersham Pharmacia) and yeast poly(A) polymerase (USB) following the manufacturer's protocol. Reaction mixtures (2.5 ml) containing cDNA synthesis reaction buffer, 1.2 pmol CAT [ 32 P]cRNA (24 000 c.p.m./pmol), 27 pmol p(dT) 12±18 and 0.42 pmol avian RT were incubated for various times at 37 or 55°C. In some cases, 1 mM each of dTTP, dATP, dCTP and dGTP was present in reaction mixtures. Escherichia coli RNase H (1 U) was used as a positive control. Incubations were terminated by the addition of 2.5 ml of DNA denaturing buffer. After heating at 65°C for 5 min, the RNA was fractionated by electrophoresis in a 20% polyacrylamide gel containing 7 M urea.
Processivity measurement
To assess the processivity of ASLV RTs, cDNA synthesis was carried out in the presence of a heparin trap for RSV cRNA annealed to a DNA 20mer (Invitrogen) labeled at the 5¢ end with 32 P. The DNA primer was annealed as already described to the RNA with its 3¢ end 1390 nt from the 5¢ end of the RNA. Reaction mixtures (2.5 ml) contained 50 mM Tris±HCl pH 8.4, 75 mM KCl, 10 mM DTT, 0.1 pmol RSV cRNA, 0.1 pmol DNA primer and 0.2 pmol ASLV RT and were pre-incubated at 45°C for 2 min. Synthesis was initiated by the addition of a solution (2.5 ml) containing Tris±HCl, KCl and DTT at the same concentrations, plus 15 mM MgCl 2 , 2 mM each of dATP, dTTP, dGTP and dCTP and 200 mg/ml heparin. Synthesis was terminated after incubation at 45°C for 0.5 or 2 min by the addition of 5 ml of DNA denaturing buffer. A control reaction (4 ml) to test the effectiveness of the trap contained all the components listed and was incubated at 45°C for 2 min after the addition of 1 ml (0.2 pmol) of cloned H+ AMV RT to initiate the reaction. Reaction mixtures (4 ml) to assess the length of the cDNA product synthesized in the absence of trap contained all the components listed except heparin. They were incubated at 45°C for 0.5 or 2 min after addition of 1 ml (0.2 pmol) of ASLV RT. Reaction mixtures for M-MLV RT were carried out in an identical manner with the following exceptions. Incubations were at 37°C; the MgCl 2 and dNTP concentrations added to initiate synthesis were reduced to 6 and 1 mM, respectively; and 0.5 pmol of M-MLV RT was used. Samples were heated at 65°C for 5 min and the DNAs were fractionated by electrophoresis in a 6% polyacrylamide gel containing 7 M urea.
RESULTS
Reaction optima of recombinant AMV RT
Since recombinant forms of AMV RT have not been available for study until recently, we established reaction optima of recombinant AMV RTs and compared them with those of the native enzyme. Monovalent and divalent metal ion optima, as well as pH optima, were determined for the RNA-directed DNA polymerase activity of native AMV, cloned H+ AMV and cloned H± AMV RT utilizing CAT cRNA primed with p(dT) 25±30 (Materials and Methods). The optima for all RTs tested were identical: 75 mM KCl, 7.5 mM MgCl 2 and pH 8.4 in Tris±HCl buffer in the presence of 1 mM dNTPs (data not shown). Substituting Na + or NH 4 + for K + ions did not alter the optima, nor did replacing Cl ± with CH 3 COO ± salts. Because of the similarity of native and recombinant AMV RT, we focused subsequent experiments on the recombinant avian enzymes assayed under these optimal conditions.
In the process of establishing reaction optima, we also determined the reaction temperature optima of H± and H+ AMV RT. The optima of H± and H+ M-MLV RT were determined for comparison. The optima of both avian and murine RTs were much higher than expected, ranging from 43 to 54°C (Fig. 1) . Strikingly, H± AMV RT still maintained near maximum relative activity even at 58°C. The optimum of each H± RT was 4°C higher than that of its respective H+ counterpart. The optimum of each avian RT was 7°C higher than that of the respective murine RT (Fig. 1) . We explored the causes of these differences, and examined their practical implications.
Half-lives of RTs at elevated temperature
We chose to examine RT half-lives at 50°C, the maximum temperature at which AMV RT has been used to synthesize cDNA. Table 1 shows that the half-lives at 50°C of H+ and H± forms of AMV RT in the absence of template-primer were short and were similar. The same was true for H+ and H± M-MLV RT. These results indicate removal of RT RNase H activity by altering the amino acids at the active site does not change the intrinsic thermal stability of RT. Table 1 also shows that the presence of cRNAdp(dT) 12±18 at 50°C increases the half-lives of most RTs substantially. The presence of such an increase supports the hypothesis that binding by RT to template-primer imparts protection from thermal inactivation. We assume that in the bound state RT is more resistant to heat inactivation than when free in solution. The increased thermal protection re¯ected in the increased half-life in the presence of template-primer was much greater for H± RTs. In the case of H± AMV RT, a 70-fold increase was observed. The greater increases in half-lives of H± over H+ RTs in the presence of template-primer are consistent with the optima differences in Figure 1 and could be explained by several alternatives. The ®rst is that an increase in binding af®nity for template-primer was created by the mutation introduced at the RNase H active site. This possibility seems unlikely as elimination of catalytic activity at a RT active site would be expected to leave unaltered or reduce template-primer binding. A second alternative is that RNase H activity plays a role in decreasing the thermal stability of H+ RT at elevated temperatures perhaps by altering the structure of the template-primer to a form less able to protect RT. Template-primer structure strongly in¯uences RT binding af®nity (44) . These half-lives were determined in buffer containing MgCl 2 (Materials and Methods), so that the RNase H activity associated with H+ RT was active during the incubation and could have altered the structure of the template-primer.
Surprisingly, in contrast to the temperature optima in Figure 1 , the intrinsic thermal stability of each avian RT at 50°C in the absence of template-primer was slightly less than that of its murine counterpart ( Table 1 ). The half-lives of H± AMV and H± M-MLV RT at 37°C in the absence of templateprimer were of much longer duration than at 50°C, but again the avian RT was less stable than the murine enzyme. Thus, factor(s) other than intrinsic thermal stability must be responsible for the ability of avian RTs to function at higher temperatures. There was a substantially greater increase in half-life of each avian RT over that of its murine counterpart observed in the presence of template-primer (Table 1) . This differential increase is consistent with the avian RTs spending much more time bound to template-primer, perhaps by virtue of higher binding af®nity. M-MLV RTs bind with much less af®nity to cRNA and cRNAd(dT) 20 than avian RTs: the K D s were 24±32-and 50-fold higher, respectively (Table 2 ). This result supports the idea that an avian RT possesses greater apparent thermal stability in the presence of template-primer than its murine RT counterpart (Table 1) because of the ability to bind much tighter to template-primer.
Af®nities of RTs for nucleic acids
Model template-primer degradation studies with HIV and M-MLV RT indicate that RT prefers to bind at recessed ends of complementary oligonucleotides bound to longer oligonucleotides (51±53). When DNA with a recessed 3¢ end is bound to RNA, as is the case with CAT cRNAd(dT) 20 , RT binds with its polymerase active site positioned at the recessed DNA 3¢ end in preparation for primer extension. When RT is exposed to RNA with recessed ends bound to DNA, RT binds with its polymerase active site positioned at the recessed RNA 5¢ end, in preparation for engaging its RNase H active site in RNA cleavage (51±53). As discussed below, establishing differences in RT binding af®nities for these two types of sites is important in explaining the difference in thermal stability of H± and H+ RT. To test if there is a difference in af®nities, binding studies were carried out with CAT cRNA annealed to a complementary DNA 24mer and with CAT cDNA to which a RNA 24mer complement of the DNA 24mer was annealed (Materials and Methods). Both H± AMV and H± M-MLV RT bound with 4.5-fold greater af®nity to the RNA/DNA hybrid with a recessed RNA 24mer than to the hybrid with a recessed DNA 24mer (Table 2 ). In agreement with the binding af®nities established with CAT cRNAd(dT) 20 , binding to these hybrids by H± AMV RT was >10-fold tighter than binding by H± M-MLV RT.
Processivities of RTs
We have already shown that H+ and H± forms of AMV RT and H+ and H± forms of M-MLV RT have similar binding af®nities for nucleic acids. We also found that avian RTs bind tighter than murine RTs to nucleic acids. These af®nities were determined in the absence of deoxynucleotide substrates. We wished to con®rm that the equilibrium binding constants re¯ect the behavior of the enzymes during cDNA synthesis. Thus, the processivity of H+ and H± avian RT would be expected to be the same, and the processivities of avian RTs might be expected to be much greater than those of the murine enzymes. The processivity of a DNA polymerase can be de®ned as the number of nucleotides incorporated during each enzyme to template-primer binding event before the enzyme dissociates from the template-primer. The processivities of HIV, M-MLV RT and native AMV RT on cRNA annealed to a DNA primer have been reported to be relatively low, in the range of 50±100 nt (28, 45, 54) . We compared the processivities of native and recombinant H+ and H± ASLV RTs during cDNA synthesis from an RSV cRNA template~1400 nt long under reaction conditions established to be optimal for copying mRNA. The processivity of H+ M-MLV RT was assessed for comparison. Figure 2 (upper panel) shows that for all ASLV RTs, including H+ and H± RT, the processivity was the same and was substantially greater than 100. A heparin trap was used to restrict cDNA synthesis to a single enzyme to template-primer binding event (see Fig. 2 , upper panel, lane F for control where RT was exposed to trap and template-primer simultaneously). In the presence of the trap added after RT was permitted to bind to template-primer, avian RTs synthesized cDNA product 90±900 nt long in 30 s and 90 nt to full length (~1400 nt) in 2 min at 45°C (Fig. 2, upper panel,  A±E) . Approximately one-half of the cDNA product made by each RT was >400 nt long. At 45°C both H+ and H± avian RT catalyze cDNA synthesis with an average processivity >400 nt and a chain growth rate of 20±30 nt/s. Processivity measured with a longer cRNA template showed the avian RTs do not synthesize cDNA products much beyond 1400 nt long during a single cycle of synthesis (data not shown). Nucleotide concentration in¯uenced processivity. These experiments were carried out in the presence of 1 mM dNTPs. At 0.5 mM dNTPs, there was no change in the processivity (data not shown). At 0.2, 0.1 and 0.02 mM dNTPs, however, the maximum length of cDNA product synthesized by cloned AMV RT from the RSV cRNA 1400-nt template in the presence of trap dropped from~1400 to~1000,~500 and 200 nt, respectively (data not shown). If multiple initiation events were permitted to occur in the absence of trap (Fig. 2 , lower panel), most cDNA products were full-length in 2 min. Exceptions were de®ned cDNA products~350 and~900 nt long that were observed in the presence of trap and persisted in the absence of trap. Apparently the avian RT terminates processive synthesis at a number of sites, but is also capable of continued synthesis uninterrupted to the end of the template. At a few of these pause sites, such as at template positions corresponding to products~350 and~900 nt long, the enzyme has greater dif®culty reinitiating DNA synthesis. H+ M-MLV RT synthesized little discernible cDNA product longer than primer in the presence of trap (Fig. 2, upper panel, G) . In the absence of trap, H+ M-MLV RT synthesized mostly fulllength product (Fig. 2, lower panel, G) , indicating that the reaction conditions used supported ef®cient cDNA synthesis. Analysis by denaturing polyacrylamide gel electrophoresis of the length of cDNA product synthesized by H+ or H± M-MLV RT shows their processivities are 20±40 nt (data not shown). We conclude that differences in template-primer binding af®nity and processivity do not explain the higher apparent thermal stability of H± over H+ RT, but do play a critical role in making avian RT more thermal stable than murine RT in the presence of template-primer.
Changes in template-primer structure produced by RT RNase H To explain the higher apparent thermal stability of H± over H+ RT, we are left with the possibility that RT RNase H alters template-primer structure in a fashion that reduces RT binding af®nity and thus protection from heat inactivation. The results in Table 3 show that exposure of CAT cRNAd(dT) 12±18 to the RNase H activity of H+ AMV RT drastically diminishes the ability of this template-primer to protect H± AMV RT from thermal inactivation. The half-life of H± AMV RT at 50°C in the presence of CAT cRNAd(dT) 12±18 that received no pretreatment with RT was 150 min. Pre-exposure to H± AMV RT had little effect on the ability of CAT cRNAd(dT) 12±18 to protect H± RT, reducing the half-life only slightly to 135 min. In contrast, pre-treatment of template-primer with H+ AMV RT reduced the half-life of H± RT 9-fold to 19 min.
By labeling a CAT cRNA template at its 3¢ end, we were able to assess the impact the RNase H activity of AMV RT had on the template-primer structure that apparently is protecting the RT. The CAT cRNA used in these studies contained a 3¢-poly(A) tail of~50 nt (Materials and Methods). If the poly(A) tail is removed by RT RNase H one would expect to see a distribution of labeled cleavage products 50 nt or less in length. A high incubation temperature (55°C) was used to assess whether p(dT) 12±18 dcRNA is indeed a substrate for RT RNase H even at temperatures near the upper limit of RT use. Polyacrylamide gel electrophoresis was used to fractionate any breakdown products generated from 3¢ 32 P-labeled CAT cRNA annealed to p(dT) 12±18 after a brief exposure to AMV RT (Fig. 3) . As might be expected, incubation with H± AMV RT did not discernibly change the structure of the cRNA (Fig. 3, compare lanes H and I with lanes B and C) . In contrast, incubation with H+ AMV RT for even a brief period (15 s) resulted in rapid cleavage of the cRNA poly(A) tail with formation of oligomers 5±50 nt long (Fig. 3, lane D) . The product size distribution was the same at 2 min (Fig. 3 , lane E). At 15 s and 2 min, only 19 and 8%, respectively, of the radioactivity remained in undigested template. Incubation for longer periods with a greater amount of H+ RT reduced the length distribution to a limit digest of 2±30 nt (Fig. 3, lane G) . Similar results were obtained with 8 pmol of H+ M-MLV RT at 37°C (data not shown). So the action of RT RNase H on cRNAd(dT) 12±18 at the beginning of a cDNA synthesis reaction results in deadenylation of the cRNA with the formation of single-stranded cRNA and (rA) n d(dT) 12±18 hybrids with n varying from 5 to 50 nt. Making the assumption that (rA) 20 dp(dT) 12±18 mimics the structure of many of the cleavage products removed from the 3¢ end of CAT cRNAdp(dT) 12±18 by RT RNase H, the results in Table 1 (last column on the right) indicate that (rA) n dp(dT) 12±18 protects RT poorly from heat inactivation. Also, singlestranded RNA protects RT poorly from thermal inactivation based upon the results in Table 3 . Consistent with reduced thermal protection of RT by (rA) n d(dT) 12±18 or singlestranded RNA, RT binds with much lower af®nity to these nucleic acids than to cRNAdDNA (Table 2 and text). We conclude that in the presence of RNase H the structure of the template-primer is changed quite rapidly at the beginning of a reaction to a deadenylated form that does not protect RT well from thermal inactivation.
The results in Figure 3 were obtained in the absence of dNTPs, when RNase H activity is independent of polymerase activity. In the presence of dNTPs, the results were similar. Oligomers 5±50 nt long were again produced and very little intact RNA persisted after 15 s. In addition, some larger breakdown products 70±200 nt long were observed at 15 s that were reduced to smaller species (5±50 nt) in 2 min (data not shown).
Practical implications
A suitable method for judging the useful upper temperature limit of the DNA polymerase activity of RT is an assessment of the effect of increasing reaction temperature on the amounts of full-length cDNA products synthesized by RT from an equimolar mixture of cRNAs of various lengths. The labeled, full-length cDNA products can be separated and quanti®ed on an alkaline agarose gel. As the reaction temperature is increased, full-length cDNA products disappear starting with those derived from longer cRNAs until a temperature is reached where no discernible full-length product of any length is synthesized. The results of such a gel analysis carried out with H± and H+ M-MLV RT at 42±52°C are shown in Figure 4 . H± M-MLV RT continues to synthesize cDNAs from cRNAs 1.4±9.5 kb in length up to 50°C, while H+ M-MLV RT does so only up to 45°C. The results of this analysis and a similar analysis of full-length cDNA products synthesized by AMV RTs at temperatures ranging from 45 to 58°C are summarized in Table 4 . At temperatures up to 50°C, H+ AMV RT and H± AMV RT synthesized full-length cDNAs from cRNAs 1.4±9.5 kb in length. At temperatures >50°C, only H± AMV RT continued to make full-length products of all lengths.
The amounts of enzymes used to synthesize cDNA in Figure 4 and Table 4 were established empirically to be those required to synthesize the maximum amount of long cDNA (>5 kb) at temperatures (37°C) and incubation times (60 min) normally used to prepare cDNA (data not shown). At 37°C, both avian and murine RTs are stable for extended periods (Table 1 ) so that enzyme stability should not be a factor in determining the amount of enzyme required. In spite of this, AMV RT was required only in near stoichiometric amounts (80 nM RT with 60 nM total template), while M-MLV RTs were required in much higher amounts (400 nM). Table 5 shows that when either H± or H+ M-MLV RT is used at 37°C during a 60-min incubation in an amount equivalent to a 5.2-kb cRNA template (50 nM), very little full-length cDNA is synthesized. Changing to a long incubation time partially alleviates this diminishment in full-length cDNA synthesis, as demonstrated by the increase in full-length products synthesized by 50 nM H± M-MLV RT during a 240-min incubation (Table 5) . So an RT possessing relatively low processivity and nucleic acid binding af®nity must be used in excess 45  17  26  36  38  31  50  12  17  21  15  10  55  10  10  4  <2 b  <2  58  <2  <2  <2  <2  <2  H± AMV c  45  26  39  55  63  44  50  21  32  45  47  30  55  18  28  36  30  12  58  8  13  14  9  3  H+ M-MLV c  42  26  32  29  23  7  45  24  28  24  13  4  48  16  17  5  <2  <2  50  <2  <2  <2  <2  <2  H± M-MLV c  42  30  40  43  51  30  45  27  34  38  49  33  48  37  47  50  59  24  50  30  39  38  25  4  52  25 amounts or for long incubation periods to synthesized fulllength cDNA product from long mRNA. As the incubation temperature of a reaction is increased >37°C, the requirement for excess amounts of M-MLV RT becomes even greater.
DISCUSSION
Stabilization of enzymes to thermal inactivation by binding to substrate is a well-documented phenomenon (55) that is thought to take place because of substrate-induced conformational changes in a monomeric enzyme and/or enhanced subunit interaction in a multimeric enzyme (56) . Mutations that enhance substrate binding therefore often increase thermal stability. The mutations introduced into AMV RT (D450A) and M-MLV RT (D524G, E562Q and D583N; unpublished data) that eliminated RNase H catalytic activity probably did so by eliminating binding of the divalent metal ion(s) required for activity (57±59). However, we have demonstrated that these mutations do not affect RT template-primer binding af®nity or processivity. The apparent thermal stabilization of RT introduced by altering the RNase H active site is a new and different phenomenon caused by virtue of maintaining RTs substrate in a particular structural state. The thermal protection data in Table 1 demonstrates poly(A)-tailed mRNA mixed with an excess of p(dT) 12±18 protects H± AMV RT effectively in the absence of dNTPs at 50°C. The enzyme apparently has a preference for binding tightly to oligo(dT) annealed to the poly(A) tail of mRNA (Table 2) . AMV H± RT ef®ciently initiates cDNA synthesis from mRNAdp(dT) 10 or mRNAdp(dT) 20 at temperatures in the 50±55°C range, above the predicted T m s of the poly(rA)/ oligo(dT) hybrids (G.Gerard, unpublished data). This suggests that bound AMV RT helps stabilize the duplex structure of oligo(dT)dpoly(A)mRNA. In a typical cDNA synthesis reaction containing 15 U AMV RT (1.6 pmol), 1 mg of mRNA (1.6 pmol of RNA ends if the average mRNA is 2 kb), and an excess of p(dT) 12±18 [10±20 pmol of p(dT) 12±18 primer ends bound per mRNA~(A) 200 tail], there is an excess of a single type of RT tight binding site available. This site is composed of DNA with a recessed 3¢ end bound to a longer RNA. At this type of binding site the RT polymerase domain is positioned at the DNA recessed 3¢-terminus in preparation for initiation of cDNA synthesis (51±53). In the absence of RNase H activity, this type of binding site remains available throughout the course of the reaction to protect RT from thermal inactivation. The mRNA poly(A) tail remains intact and is available for unused p(dT) 12±18 primers to remain bound, providing DNA recessed 3¢ end binding sites. The 3¢-OH end of the growing cDNA chain also persists as a recessed 3¢ end binding site. This is not the case in the presence of RT RNase H activity. During initiation of cDNA synthesis from mRNA there is opportunity for RT RNase H to remove the mRNA poly(A) tail in a polymerase-dependent and -independent manner (28,44,60±63). Initiation of cDNA synthesis and RT RNase Hcatalyzed cleavage of the mRNA poly(A) tail appear to be almost instantaneous with initiation of cDNA synthesis apparently occurring ®rst ( Fig. 3 ; G.Gerard, unpublished data). The poly(A) tail of mRNAdoligo(dT) is quickly converted by RT RNase H into oligo(rA) fragments (Fig. 3) , many of which are too short to remain bound to oligo(dT). Oligo(dT), oligo(rA) and oligo(dT)doligo(rA) hybrids are bound with much lower af®nity by RT and protect the enzyme poorly from heat inactivation during the course of the reaction (Table 1 ). In addition the RNase H activity of H+ RT catalyzes polymerase-dependent cleavage of RNA as cDNA synthesis proceeds, generating RNA oligonucleotides 6±20 nt long (28,44,60±63) . The RNA oligonucleotides that remain bound to cDNA product quickly become the predominant potential RT binding sites in the reaction mixture. The binding af®nity studies in Table 2 show that this type of binding site is actually preferred over the type of site present at the 3¢ end of the growing cDNA chain. RT that disengages from cDNA synthesis because of pausing might be expected to bind preferentially at these RNA recessed ends. This would have several detrimental effects. First, enzyme engaged in productive cDNA synthesis would be diminished. Secondly, at these sites RT binds in such a way that the polymerase domain is positioned at the 5¢ end of the RNA hybridized to the longer cDNA (51±53), preparing the enzyme for polymerase-independent cleavage of the RNA. Such cleavage would result in the generation of small RNA oligonucleotides that do not remain bound to DNA and in the loss of the hybrid structure bound by RT, diminishing the ability of the template-primer to protect RT from thermal inactivation.
The situation with M-MLV RTs is somewhat different. The enhancement in template-primer thermal protection obtained by eliminating the RNase H activity of M-MLV RT was not nearly as great as obtained with AMV RT (Table 1) . Optimal reaction temperatures were lower for the murine RTs ( Fig. 1 and Table 4) , and the enhancement in the upper temperature limit of effective use was not as great for murine RTs (Table 4) . H± M-MLV RT could be used at 50°C, as compared with 45°C for H+ M-MLV, while H± AMV RT could be used at 58°C, as compared with 50°C for H+ AMV RT. These differences were not due to intrinsic thermal stability as the murine RTs actually had slightly greater half-lives than the avian enzymes at 50°C in the absence of nucleic acids ( Table 1 ). The dominant factor in causing these differences is the weaker interaction between murine RT and templateprimer. Avian RTs bind with much higher af®nity and their polymerases have greater processivity than murine RTs. The K D of AMV H± RT is 50-fold lower than that of M-MLV H± RT to cRNAd(dT) 20 (Table 2) , and processivities of the avian enzymes are at least 10-fold greater than murine RTs at high dNTP concentration. Therefore, during cDNA synthesis murine RT spends much more time than avian RT in an unbound state not protected by template-primer from thermal inactivation. Also consistent with the data in Table 5 , a less processive RT that spends more time cycling between a bound catalytically active state and a non-productive unbound state would be expected to be more dependent on the presence of excess enzyme to synthesize full-length copies of longer mRNAs. Heteropolymeric RNA-directed DNA polymerase processivity values reported for HIV, M-MLV and AMV RT are relatively low (average of 50±100 nt) (28, 45, 54) . We found the processivity of the polymerase activity of all ASLV RTs to be much higher, averaging >400 nt with an upper limit of 1400 nt (Fig. 2) . This discrepancy can be explained at least in part by the fact that prior processivity measurements were made at dNTP concentrations of between 25 and 150 mM. Nucleotide concentrations in this range match or exceed by several fold K mdNTP values reported for avian and murine RTs (46, 64, 65) . The processivity assays described here were performed at 0.5±1 mM dNTPs, a concentration range reported to be more optimal for synthesis of cDNA from long mRNA (40, 66, 67) . Decreasing the dNTP concentration reduced dramatically the processivity of ASLV ab RT polymerase from an upper limit of~1400 nt at 1 mM dNTPs to~200 nt at 20 mM dNTPs. In contrast, dNTP concentration appears not to in¯uence the processivity of murine RTs to the same extent. At 25 mM dNTPs, the value reported for M-MLV RT polymerase was 69 nt (28), and we found at 500 mM dNTPs the processivity was~30 nt for H± and H+ M-MLV RT. The DNA polymerase of avian ab RT is therefore much more processive than murine RT polymerase at high dNTP concentrations. While at dNTP concentrations approaching the K mdNTP , avian RT processivity begins to approach that of the murine enzyme. The b subunit of ASLV ab RT possesses an additional nucleic acid binding domain, integrase, not present in HIV or M-MLV RT (19, 68) . The presence of this domain increases the af®nity of ASLV ab RT for nucleic acids and increases the processivity of its polymerase relative to the a form (23, 64) that is missing the domain. We speculate that high dNTP concentrations increase the binding af®nity of avian ab RT for template-primer and thus increase processivity. Perhaps dNTPs at high concentrations are bound by the ASLV RT integrase domain resulting in an increase in binding af®nity of the enzyme for template-primer. High concentrations (2.5 mM) of nucleoside triphosphate have been reported to stimulate the catalytic activity of AMV RT integrase (69) .
Maintenance of polymerase activity at elevated temperatures has practical implications for the use of RT in copying mRNA. The secondary structure of mRNA is reduced as temperatures are increased, reducing the chances that RT will terminate cDNA synthesis at secondary structural features in the RNA (29, 63) . The ability to perform cDNA synthesis at elevated temperatures also improves the speci®city with which the reaction is primed (70) .
We have shown in this study that tight binding by RT to DNA recessed 3¢ ends in template-primer protects RT from thermal inactivation. One approach demonstrated here to achieving higher incubation temperatures with RT is to maintain this type of binding site in the template-primer during the course of the reaction. An alternative approach to increasing retroviral RT thermal stability is to make amino acid changes in RT that increase binding to template-primer and/or increase the enzyme's intrinsic thermal stability.
